Data available in the literature indicated various biological activities of terpenes. One of the most frequently investigated activities is the ability to scavenge free radicals. To date, studies based on the DPPH
The plant kingdom is an inexhaustible source of biologically active substances, commonly used in the food and cosmetic industry as well as in modern medicine and pharmacy. There are numerous plant metabolites used as approved drugs with verified pharmacological activities, for example: digitoxin, morphine, codeine, quinine, artemisinin and many others [1] . Focusing drug search studies on natural products has been shown to be a successful approach in the identification of new drug leads. Identification of new pharmacologically active secondary plant metabolites was recognized by the 2015 Nobel Prize Committee's decision to award Campbell, Omura and Tu for their discoveries of new compounds for the treatment of roundworm parasitosis and malaria.
Plant volatiles constitute a group of diverse metabolites possessing multiple biological activities yet are still an untapped source of potential drug leads [2] . Volatile compounds, including terpenes, have been shown to exert the following biological activities: antioxidant, antimicrobial, cytotoxicity, inhibition of selected enzymes and many others [3] . Natural antioxidants have been a focus of multiple research projects aiming at the identification of safe and efficient free radical scavengers with potential use as food and cosmetic additives or new drug leads. Free radicals, produced in excess, are able to attack almost all biological molecules including RNA, DNA, enzymes and unsaturated lipids of cell membranes. [4] . Organisms have developed various protective systems counteracting oxidation and deleterious effects of oxidative stress. Nevertheless, in numerous cases this protection is insufficient and additional, external protection is required [5] . In living systems, free radical scavengers may play a potential role in prevention of neurodegenerative diseases, cancer, DNA mutations or premature ageing [6] [7] [8] [9] [10] . Thus, efforts have been made to determine new natural antioxidants which in many cases also reveal other significant activities such as antifungal, antimicrobial, enzyme inhibition or anti-inflammatory effects [11] [12] [13] . Numerous sources [14] [15] [16] [17] [18] indicate that essential oils may be a source of natural antioxidants. Based on available data, it can be stated that essential oils exhibit sufficient free radical scavenging activity to be considered as potential food additives or drug leads.
In our previous research, structure -free radical scavenging activity relationships were studied for several common terpenes using the DPPH • assay. It was shown that conjugated double bonds are responsible for the relatively high free radical scavenging activity of terpenes, for example: citral, ocimene, pulegone or β-myrcene [19] . Further studies showed interesting interactions between some of the monoterpenes proving synergistic and antagonistic interactions between some of these metabolites [20] . Obtained results revealed increased free radical scavenging ability of mixtures of inactive pcymene and terpenes without conjugated double bonds exhibiting medium antioxidant activity.
There are multiple assays currently used to assess antioxidant activity of plant derived samples. These tests use different radicals and various reaction environments resulting in a diverse behavior of natural metabolites. The main aim of the presented research was to study the antioxidant activity of selected terpenes using the ABTS read every 5 min from reaction initiation over 1 h. One of these terpenes, β-myrcene, revealed low solubility in the prepared solutions leading to precipitation; eliminating this compound from spectrophotometric measurements. For the other 17 compounds, the obtained results explicitly revealed that these terpenes could be divided into two groups: relatively potent free radical scavengers including, α-terpinene, citral, α-phellandrene, farnesene, ocimene, pulegone, carvone and γ-terpinene, and terpenes with no ability to scavenge free radicals which include the remaining nine compounds. All studied terpenes followed the same activity pattern both in methanolic and ethanolic ABTS
•+ solutions. The most promising results were obtained for α-terpinene which, in methanol or ethanol solution, revealed high ability to scavenge free radicals. In the majority of cases, the selected studied terpenes revealed significantly weaker antioxidant activity than α-terpinene. However, it is worth stressing that ocimene, pulegone and farnesene scavenged over 50% of free radicals during the duration of the investigation. In the case of pulegone, menthone, eucalyptol, pcymene and menthol, the observed free radical scavenging activity was higher in ethanolic than in methanolic solution.
An additional parameter frequently used for antioxidant activity assessment is TEAC (Trolox Equivalent Antioxidant Activity). In accordance with results presented in Table 1 ., the highest TEAC value, indicating the highest antioxidant activity, was observed for α-terpinene. Other terpenes revealed lower but also significant ability to scavenge free radicals. As is well known, the reactions of free radicals are considered as chain reactions that can be terminated by antioxidants. Free radical scavenging activity of the substances is strictly related to the structure of the analyzed antioxidants. A step leading to determine the structure -antioxidant activity relationship is an indication of a mechanism of action between the free radical scavengers and the reactive molecules. Antioxidants can deactivate free radicals by two major mechanisms: HAT (Hydrogen Atom Transfer) and SET (Single Electron Transfer) [21] . The first of them can be described as quenching free radicals by hydrogen donation as follows:
The second is explained as ability to transfer one electron from the antioxidant to the radical that leads to reduction the latter, as follows:
In accordance with data available in the literature, the ABTS
•+ method can be based on both HAT and SET mechanisms [22] . In order to indicate which of them is the most probable for the studied group of terpenes, detailed correlation between obtained results and the terpenes' structure is required. We can explicitly divide our compounds into two groups: non-active substances and active antioxidants. Comparison of their structures revealed that active terpenes, contrary to non-active compounds, possess conjugated double bonds. According to generally known dependency, indicated also in a similar paper based on the DPPH • assay [19, 23] , terpenes with conjugated double bonds are able to lose allylic hydrogen atoms which takes part in free radical reduction. In comparison to alkylic C -H bonds or vinylic C -H bonds, the dissociation energy of C -H allylic bonds is much lower. According to the theory, allylic hydrogen transferred from the discussed terpenes leads to resonance-stabilized radicals which able to terminate the chain reaction. Taking into consideration the HAT mechanism and the structures of the studied terpenes, a mechanism of their antioxidant action was proposed (Figure 1. ). Considering the influence of structure on free radical scavenging ability, helpful are results obtained for citral and citronellal or α-and γ-terpinene. These pairs of terpenes are examples of molecules for which conjugated double bonds or lack of it is the only one different element of their structures (Figure 2. ). This fact confirms a significant influence of conjugated double bonds on free radical scavenging activity.
It is important to make reference to the antioxidant activity of terpenes obtained using the DPPH
• method [19] . Results presented by the authors, similarly to those shown here, indicate high antioxidant activity of terpenes with conjugated double bonds. Comparison of the results obtained for the studied terpenes towards scavenging DPPH
• radicals and ABTS •+ free radical cations at the same concentration (1 mM) revealed similar antioxidant activity of the investigated substances for the two methods. In only a few cases was a slight discrepancy noted. The most significant differences were observed for α-terpinene, pulegone, citral and ocimene which revealed higher free radical scavenging ability in the case of the ABTS
•+ than the DPPH • method. Additionally, a remarkable difference in antioxidant activity was observed for γ-terpinene. In reference to the DPPH • assay [19] this compound revealed much higher ability to scavenge the free radicals despite the lack of conjugated double bonds. In addition, γ-terpinene exhibited higher activity than the isomer α-terpinene which possess the aforementioned moiety. Different results were obtained using the ABTS
•+ method. In this case, α-terpinene exhibited much higher ability to scavenge radicals than γ-terpinene. Nevertheless, activity of γ-terpinene was higher than terpenes without conjugated double bonds and even than some compounds with these moieties, for example citral or carvone. The changes in antioxidant activity of γ-terpinene can arise from difference in the structures of DPPH
• and ABTS •+ , that is the cationic character of the latter one. This issue requires additional, more advanced studies aimed to explain of the observed differences in the obtained findings.
The assay was performed using two ABTS
•+ solutions: ethanolic and methanolic. Despite apparent differences in antioxidant activities, which in most cases were much lower for ethanolic ABTS
•+ solution, the tendency of terpenes to scavenge free radicals remain the same. The differences in free radical scavenging in the case of methanolic and ethanolic solutions of ABTS
•+ is strongly connected with their polarity and acidity. According to Dawidowicz and Olszowy [24] the kinetics of the reaction of ABTS •+ with antioxidants is related to the type of alcohol used for solution preparation and the water concentration in the analyzed samples. Taking into account the results of studies based on methanolic and ethanolic solutions, apparent differences can be noticed. The majority of cases indicate higher ability to reduce ABTS
•+ cation radicals in methanolic rather than in ethanolic solution. This fact can be elucidated by inequalities in solvation energy of ABTS
•+ in the used alcohols, due to the more polar and more acidic character of the first one. Therefore, methanol molecules more strongly interact with cation radicals, including the electron pairs existing at the =N-N= bridges of ABTS •+ . Another aspect of the solvent effect on free radical scavenging ability was considered by Valgimigli [25, 26] , who studied the influence of alcohols on DPPH
• kinetic reactions. The obtained results revealed that alcohol causes a change of free spin distribution in the aforementioned radical. This aspect also should be considered towards the ABTS
•+ reaction mechanism. Determination of the influence of alcohols on the kinetics of ABTS
•+ reactions requires more detail and advance studies that will be performed in the next stage of this study.
In methanolic as in ethanolic solution the following substances turned out to be most potential antioxidants: citral, farnesene, α-terpinene, γ-terpinene, carvone, ocimene, pulegone and α-phellandrene. Among the terpenes, pulegone, contrary to the remaining substances, exhibited higher ability to scavenge free radicals in ethanolic than in methanolic solution. It should be emphasized that despite lower ability to scavenge free radicals by the majority of terpenes in ethanolic solution, the solvent is more appropriate for interpretation of results. This fact is strictly connected with much lower toxicity of the solvent in comparison with methanol. Taking into account practical usage of terpenes, this aspect is crucial for considering their antioxidant activity.
Experimental

Materials and Instrumentation:
The following substances: α-pinene (≥99%), p-cymene (≥99%), eucalyptol (≥99%), γ-terpinene (97%), menthone (≥90%), linalool (≥97%), carvone (≥96%), α-terpinene (≥95%), isopulegol (≥99%), citronellal (≥95%), terpinene-4-ol (≥95%), farnesene (>90%), citral (≥95%), α-phellandrene (≥90%), ocimene (>90%), β-myrcene (85%), pulegone (>90%), menthol (≥99%), ABTS (2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) were also purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Methanol and ethanol were obtained from Polish Reagents (Gliwice, Poland) and were of analytical purity grade. Spectrophotometric measurements were performed with the use of a UV-Vis spectrophotometer Genesis 20 (Genesys 20, Thermo Fisher Scientific, Waltham, MA, USA) in a 1 cm quartz cell.
Spectrophotometric antioxidant assay based on ABTS
•+ method: Spectrophotometric ABTS
•+ assay was performed according to Biskup et al. [27] with small modifications. ABTS and potassium peroxydisulfate were dissolved in methanol and distilled water, respectively, to obtain 5 mM and 2 mM solutions. In order to produce ABTS
•+ the obtained solutions were mixed (5:1 ratio) and the mixture was kept in dark at room temperature for 24 h. Before spectrophotometric measurement, the solution was diluted with methanol to obtain an absorbance of 1.000 ± 0.005 at 734 nm. In order to measure antioxidant activity of terpenes, the analyzed substances were added to diluted ABTS
•+ solution obtaining final concentration of 1 mM for each of the studied compounds. Absorbance changes were recorded starting at 5 up to 60 min. Each measurement was repeated three times for each individual terpene. The final result is an average of the three replicates. Trolox, a potent antioxidant, was used as a reference substance. Additionally, TEAC (Trolox equivalent antioxidant capacity) values were calculated for all the studied compounds. TEAC is defined as concentration of Trolox with the same antioxidant capacity as 1 mM solution of the compound under investigation [28] . In order to obtain a standard curve, antioxidant activity of Trolox was measured for the following concentrations [μM]: 5; 10; 15; 20 and 25. TEAC values were calculated for results obtained 15 min after starting the reaction.
Statistical analysis: All performed analyses are an average of results obtained from triplicate repetition of all of the studies. The TEAC and percentage of scavenging of free radicals were determined with a relative uncertainty of less than 5%.
